Background: Age-related decline in taste acuity may be both a cause and an effect of depleted zinc and/or increased zinc requirement. Objective: The aim of this study was to explore associations between zinc status and taste acuity in healthy older European adults aged 55-90 y. Sample: Volunteers were recruited within Italy (n ¼ 108 aged 70-90 y), the United Kingdom (UK) (n ¼ 93 aged 55-70) and two regions of France (n ¼ 186), Grenoble (aged 70-90 y) and Clermont-Ferrand (aged 55-70 y). Methods: A signal detection theory approach was adopted, employing a three-alternative, forced-choice procedure. The data were converted to R-indices and bivariate correlations were computed to explore relationships between serum zinc, erythrocyte zinc and taste acuity. ANOVA was undertaken to determine regional differences in zinc status. Results: Higher erythrocyte zinc status was associated with better acuity for salt (sodium chloride) taste in the sample as a whole (P ¼ 0.012) (n ¼ 385). Higher serum zinc levels were associated with greater sensitivity to sour taste (citric acid) (P ¼ 0.015) only in the older groups (aged 70-90 y). There were no apparent associations between serum or erythrocyte zinc status and acuity for bitter (quinine) or sweet (sucrose) tastes irrespective of age. Conclusion: These results agree with those previously suggesting that age-related detriment in sensitivity for salt taste may be associated with depleted zinc.
Introduction
Food preferences alter over time and we eat less food as we become older (Murphy, 1993) . These changes may occur in response to social and health-related factors, reduced energy needs or age-related sensory impairment (Rolls, 1993) . A recent review of 28 sensory studies conducted over a 50-y period (Mojet et al, 2001 ) concluded that our sense of taste deteriorates with age, a process that appears to accelerate from the age of 60 onward, especially in men. There appears to be considerable individual differences with regard to taste sensitivity within older populations (Stevens et al, 1995) . Sensory decline may be the result of many different factors linked to disease or normal ageing, including nutritional deficiency.
Serum zinc levels tend to decline with advancing age (Maes et al, 1999; Seiler, 1999) . Zinc is a trace element contained mostly in foods of animal origin and, to a lesser degree, in cereals and dairy products. Zinc deficiency appears to be associated with reduced appetite generally and may result from or lead to decreased intake of zinc-rich foods by older people (Shay & Mangian, 2000) . Zinc may be important in taste perception. It is present in saliva (Watanabe et al, 2005) as well as in the salivary gland (Tanaka, 2002) and appears to be linked to gustatory nerve activity (Yokoi et al, 2003) . Taste impairment as a result of drug therapy or disease has been observed in cases of zinc deficiency (Kettaneh et al, 2002; Tomita & Yoshikawa, 2002) , while supplemental zinc has been shown to ameliorate taste disorder in certain zinc-depleted patient groups (Stoll & Oepen, 1994; Takeda et al, 2004; Heckmann et al, 2005) . We do not yet fully understand the nature or magnitude of agerelated taste sensitivity decline. In view of accumulating evidence from clinical studies to suggest that zinc plays a role in taste perception and that both taste sensitivity and zinc status decline with advancing age, and given the potential impact of such age-related changes upon the eating experience, it has become increasingly important to establish and understand the nature of links between zinc status and taste perception in older people.
Flavour incorporates the smell, taste, temperature and texture of food, the perception of which can be affected by sensory decline associated with ageing. Taste is the sensation received via the taste buds, located on the tongue, palate, cheeks, and the floor and back of the oral cavity (Schiffman & Graham, 2000) . It is generally agreed that we are capable of perceiving four, possibly five, basic tastes or qualities: sweet, sour, bitter, salt and umami. Taste acuity refers to the range of taste stimulus or quality that a person is able to detect and is usually assumed from taste threshold assessment. For the purpose of this research, taste threshold refers to the least amount of a stimulus that a person requires in order for them to be able to detect the presence of the stimulus. Signal detection theory (SDT) views the detection of a stimulus (threshold measurement) as the outcome of a decisionmaking process, dependent both upon the degree of confidence the individual has in their judgement as well as the accuracy of the decision (Delwiche & O'Mahoney, 1996) . The signal detection approach has been selected for use in this study because it can take into account individual differences and cultural variation in decision-making criteria when assessing taste thresholds.
There are no good functional status measures for zinc Pluhator et al (1996) serum zinc (an indicator of current zinc status) and erythrocyte zinc (a measure of long-term zinc status), however, are two of the more commonly used indices. The aim of this study is to compare relationships between serum and erythrocyte zinc levels and acuity for the four basic tastes (sweet, sour, bitter and salt) using a signal detection approach crossregionally in healthy older Europeans aged 55-90 y.
Methods

Study design
A single blind design was employed in this study. Taste acuity for the four basic tastes was assessed using an SDT R-index approach employing a three-alternative, forced-choice procedure. Ethical approval was obtained independently by each of the four research centres to conduct this research.
Sampling
The recruitment and screening procedures, inclusion/exclusion criteria and ethical considerations for volunteers participating in this study are described elsewhere in this Supplement (Polito et al, 2005) . In particular, effort was made to recruit equal proportions of male and female subjects. The samples were also age-matched. Two of the four centres, Rome in Italy (56 males/52 females) and Grenoble in France (n ¼ 47 males/44 females), recruited adults aged 70-87 y, while the other two centres, Northern Ireland in the UK (n ¼ 45 males/48 females) and Clermont-Ferrand in France (n ¼ 48 males/47 females), recruited volunteers aged 55-70 y.
Preparation of test stimuli
The taste solutions were made up using glucose (sweet), sodium chloride (salt), citric acid (sour) and quinine (bitter). Pilot studies were carried out to determine an appropriate range of strength for the solutions. Each tastant was made up into six different molar solutions of increasing concentration using distilled water (Table 1 ). All four research centres acquired equipment and ingredients for the tastants from the same suppliers. All chemicals were 'food' grade. Sodium chloride and glucose were both supplied by Provincial Butchers Supplies Ltd, Northern Ireland. Sigma Aldrich, England, supplied the citric acid and quinine hydrochloride.
The solutions were prepared at the beginning of each week. For each tastant, the dry ingredients were weighed out, added to 1 l of distilled water, stirred until dissolved and then stored in a fridge at 51C for 1 week. All containers and flasks used in this process were zinc-free. On the morning of testing, a couple of hours prior to use, the solutions and distilled water were removed from the fridge to allow them to reach room temperature, subsequent to which 2.5 ml of each solution/distilled water was poured into designated cups for tasting. Taste testing procedure The University of Ulster provided training to the other partners in relation to making and storing solutions, setting up and carrying out the taste tests. All centres carried out tasting at the same time of day and employed the same method throughout. Testing took place in the early morning, the panellists having fasted overnight. Prior to the taste testing, a blood sample was taken for zinc status assessment. Tasting took place in a food sensory laboratory under normal conditions. The order of presentation of each taste quality was randomised initially and then standardised for each panellist as follows: citric acid (sour), sucrose (sweet), sodium chloride (salt) and quinine (bitter). Random numbers between 1 and 500 were generated using the Random Number Generator Programme. Each stimulius/cup was then allocated a random number printed on a tray sheet upon which the cups were placed. The cup numbers corresponded with numbers on the response sheets given to participants to record their answers. Each number was only used once. Aqueous solutions for each taste were presented on a tray in six ascending concentrations using the three-alternative forced-choice format. In total, 18 cups were therefore set out in six rows of three cups, one cup contained the tastant and the other two cups contained distilled water (signal plus two noise). Signal and noise stimuli were randomly presented in each three-alternative forced-choice trail.
Panellists were required to sip and swallow the contents of the three cups (2.5 ml in each cup) in each row, one row at a time. During testing the participants were required to distinguish between the signal (molar solution) and noise (distilled water) in each row. They were asked to circle the number on the response sheet, which corresponded to the number of the cup on the tray that they felt contained the signal. In addition, for each trial the panellists were required to indicate whether they were sure or unsure about their decision. Participants were also required to sip and swallow distilled water between each taste series. No conferring was permitted between panellists during testing. On completion of tests panellists were debriefed about what they had tasted and any queries addressed.
Data analysis
The receiver-operating characteristic (ROC) is a quantitative index of ability to detect a signal, in a background of noise and across a number of different intensities of the signal. The ROC can be plotted as a curve, taking into account hit (correct detection of a signal) and false alarm rates (reports no signal when signal is present). The area under the curve (AUC) is a measure of discrimination. The R-index is a short signal detection measure developed by Brown (1974) . The R-index is the predicted probability of the correct choice of a signal over a signal-noise pair (O'Mahony et al, 1979) . This is derived from the information recorded during signal detection trials regarding the detection of a signal or noise and whether respondents were sure or unsure about their decision. These data were tabulated to form a grid and converted to R-indices in Microsoft Excel. R-indices produce a score that indicates sensitivity to a stimulus taking into account individual differences in decision-making criteria. The higher the R-index, the lower the taste threshold and the greater the taste sensitivity.
The data were converted to R-indices for each of the four taste qualities separately and transferred into SPSS Statistical Package for the Social Sciences (Version 11.0; SPSS UK Ltd, Chersey, UK). Pearson's (bivariate) correlations were then computed separately for each basic taste to explore relationships between serum zinc, erythrocyte zinc and taste acuity. Single-factor ANOVAs were undertaken to determine regional differences in serum and erythrocyte zinc status.
Results
Sample description
Approximately equivalent proportions of male and female volunteers were recruited to each centre: Northern Ireland (NI) (UK) 48% male/52% female, Clermont-Ferrand (France) 51% male/49% female, Rome (Italy) 52% male/48% female and Grenoble (France) 52% male/48% female. The mean (s.d.) age of the sample recruited in NI (UK) was 62.4 (4.5) y, Clermont-Ferrand (France) 61.3 (4.3) y, Rome (Italy) 74.5 (4) y and Grenoble (France) 74.2 (3.3) y. To enable comparison across the different European regions, social class was divided into three categories. The social class sample structure was as follows: NI-professional (54%)/skilled (33%)/unskilled (8%); Clermont-Ferrand-professional (30%)/skilled (60%)/unskilled (10%); Rome-professional (27%)/skilled (58%)/unskilled (15%); Grenoble-professional (41%)/skilled (53%) unskilled (6%). Social class was assumed from each individual's previous occupation. The NI sample had a greater proportion of those in the higher social classes, whereas Rome had a greater proportion in the lower social class category (w 2 ¼ 53.836, df ¼ 6, Po0.001 
Serum zinc and taste acuity
Higher serum zinc levels were associated with greater sensitivity to sour (citric acid) when the two older groups (Rome and Grenoble) were considered separately (aged 70-87 y) (F (1,95) ¼ 6.002, P ¼ 0.015) (Figure 1 ). There were no apparent associations between serum zinc status and acuity for bitter (quinine), salt (sodium chloride) or sweet (sucrose) tastes, irrespective of age.
Erythrocyte zinc and taste acuity Higher erythrocyte zinc status was associated with better acuity for salt (sodium chloride) taste among the sample as a whole (F (1,372) ¼ 6.335, P ¼ 0.012) (Figure 2 ). When age was taken into account, this relationship was evident only in the two older groups (aged 70-87 y) (F (1,187) ¼ 5.033, P ¼ 0.026) (Figure 3 ). When region was considered separately the relationship was evident only in the Italian group (F (1,96) ¼ 4.193, P ¼ 0.043) (Figure 4 ).
Discussion
It was hypothesised that because both zinc status and taste sensitivity decline with age they would be functionally related. The present results imply that any relationship between zinc status and taste acuity is taste quality specific. Better acuity for sour taste was associated with higher serum zinc levels for the sample as a whole irrespective of age or region. Salt taste acuity was apparently related to more optimal long-term (erythrocyte) zinc status for the sample as a whole. When age was taken into account erythrocyte zinc was associated with salt taste sensitivity only in those over the age of 70 y and when crossregional differences were considered, only within the Italian sample (aged 70 þ y) recruited in Rome.
Findings from clinical studies suggest that salt taste is most affected by age (Liu et al, 1991; Murphy, 1993; Schiffman, 1993; Mavi and Ceyhan, 1999; Komai et al, 2000; Goto et al, 2001) . It is, however, difficult to draw conclusions from previous studies that have looked at zinc status in relation to taste acuity given that most have used zinc-depleted animal models (Liu et al, 1991; Komai et al, 2000; Goto et al, 2001) or clinical patient groups (Ripamonti et al, 1998; Yokoi et al, 2003; Kenway et al, 2004; Heckmann et al, 2005) . These findings affirm those of previous animal and clinical studies in implying that salt taste sensitivity is most susceptible to zinc deficiency. That sensitivity to salt appears related to long-term zinc status implies that both could be related to ageing. Sour was the only quality related to serum zinc, suggesting that detriment in sour taste could be related to more immediate zinc status.
As expected, according to the serum and erythrocyte zinc assay, none of the groups were deficient in zinc (AndriolloSanchez et al, 2005) . It is generally assumed that zinc status, when within the normal range, does not affect taste thresholds (Scruggs et al, 1994) . On the contrary, these results imply that decline in salt and sour taste corresponds to zinc depletion in healthy ageing. Previous research has consistently shown that salt and sour taste is eminently affected by age (Mojet et al, 2001) . That age-related taste decline is specific to salt and sour taste and that these qualities relate to zinc status is not surprising given that perception of salt and sour taste is the outcome of different processes at the cellular level than bitter and sweet. Whereas perception of salt and sour taste is thought to result from interactions between ion channels at the cell membrane, sweet and bitter tastes are dependent upon protein-bound secondary messengers within the cell (Drewnowski, 2001) . Zinc depletion may therefore be detrimental to extracellular synaptic but not intracellular activity related to taste perception. Most previous studies that have explored taste acuity in relation to zinc status have assayed serum to determine zinc status (Osaki et al, 1996; Tanaka, 2002; Watanabe et al, 2005) . These conclusions are strengthened in being derived from both measures of longterm and short-term zinc status. The relative strengths and weaknesses of these methods are discussed by AndriolloSanchez et al (2005) .
The evident robustness of the methods used in this study enables us to have confidence in these conclusions. It is unlikely that the results may have been affected by differences between centres in the methods used given that training, methods and procedures were standard across the four European regions. How the panellists made decisions may, however, have varied across cultures (Vishwanath, 2003; Chu et al, 2005) . The SDT approach adopted in this protocol views taste threshold measurement as both a perceptual and a cognitive process and thereby controls for individual differences in decision-making criteria (Delwiche and O'Mahoney, 1996) . It is therefore unlikely that crosscultural differences in decision-making criteria will have affected these results.
The conclusions are also given credence by the relatively large sample size compared to those that have been typically employed in many other previous sensory taste studies using clinical samples (n ¼ 5-50) (Stoll and Oepen, 1994; Ripamonti et al, 1998; Yokoi et al, 2003; Matson et al, 2003; Heckmann et al, 2005) . It is, however, possible that differences between the samples recruited at the different centres in terms of education and social class may have confounded the findings. The two younger samples appear on average to have been educated to a higher level and appear to have higher socio-economic status than the two older samples. People in the less privileged social classes and those who have spend less time in education may be more prone to engage in adverse lifestyle practices and to consume a less nutrient-rich diet (Johansson et al, 1999) . Future research of this kind should therefore consider a range of lifestyle factors including dietary quality in relation to zinc status and taste acuity.
In conclusion, the use of the 'basic taste' paradigm to study taste acuity is controversial. It has been argued that such an approach fails to reflect the full range of tastes perceived (Schiffman, 2000) . In defence, it could also be argued that the basic tastes (in solution form) provide a well-controlled model that enables comparison across studies and is useful for understanding factors determining taste perception. The approach is useful in generating hypotheses to drive more ecologically sound, food-based research. This study is unusual in exploring zinc status in relation to taste sensitivity in healthy rather than clinical samples. These findings, consistent with those derived from clinical studies, suggest that supplemented zinc or zinc-rich foods could compensate for and correct deficiencies associated with decline in the sense of taste and appetite associated with ageing in healthy older people (Schiffman and Graham, 2000) . Meanwhile, future research should focus upon salt taste, zinc status and food preference in healthy ageing. 
